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ABSTRACT

An investigation was carried out to determine whether im-
proved catalysts for the para-ortho hydrogen conversion could be ob-
tained by radiation. In the course of this work a series of catalysts
were found that were as high as ten times more effective than a stand-
ard hydrated iron oxide catalyst at -78°C. Included in this series of
catalysts were two that were radiation activated. As a result of this
work an improved understanding of the catalytic mechanism was ob-
tained.
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I. INTRODUCTION

This report describes the work carried out during the past year in
an investigation designed to determine whether catalysts for para-ortho
hydrogen conversion can be improved by radiation. The concept is based on
interesting results that have been obtained in recent years from investigations
into the effect of radiation on catalysts used in other reactions.

The initial work was carried out on commercial catalysts but no
improvement due to radiation was found. Therefore, attention was shifted to
materials specially prepared for this work and which were usefully affected
by radiation. This has led to a series of new catalysts of high activity, among
which are two that are affected by radiation, and to a more basic theoretical
understanding of para-ortho hydrogen conversion.

Manuscript released by author August 1963 for publication as an RTD Technical
Documentary Report.




II. DISCUSSION

The theory of the magnetically induced para-ortho hydrogen transition
was developed by Wigner(l) and defined by Kalckar and Teller.(?) The theory,
based on quantum mechanics, describes the conditions under which the hydrogen
molecule can accomplish the strictly forbidden transition between an odd and an
even nuclear spin state. Ortho-hydrogen has spins of 1, 3, 5---while para-
hydrogen has spins of 0, 2, 4-~-. At low temperatures, equilibrium favors al-
most all of the hydrogen being in the para form with a nuclear spin of 0; at room
temperature and above, the distribution is 75% ortho and 25% para. The prob-
ability of transition due to magnetic field is found to be:

8u,2u, 2 I
e e SR VT (1)
3h%a ® kT
s
where M A ® magnetic moment of the proton

uP = magnetic moment of the paramagnetic fon
I = moment of inertia of the hydrogen molecule

di= distance of closest approach to the para-
magnetic ion

and E; = energy difference between states

In this derivation it is assumed that the hydrogen molecule {s brought with in-
finite velocity to the distance of closest approach, allowed to remain for the
duration of the collision, and withdrawn, again with infinite velocity. It is quite
obvious that such a process does not correspond to reality. Physically the proc-
ess corresponds to a hydrogen molecule being adsorbed on the surface of a
catalyst near a paramagnetic ion, being converted to the equilibrium state at
that particular temperature, and then desorbing. This can be written as follows:

—_—

P-H; (g) P -Ha (ads) (2)
—
c—\

P-Hg (ads) 0-Ha (ads) (3)
e
—

0-Hz (ads) o-H; (g) 4)
——
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In addition steps (2) and (4) are much more complex than is indicated here. Re-
actions can occur either on the surface or in the pores of a catalyst, and, there-
fore, each of these steps can be divided into two substeps: (1) the mass transfer
of material from the gas stream to the surface of the catalyst and (2) diffusion
into and out of the pores of the catalyst. In the following discussion each of the
aspects of the catalytic process will be treated.

A. CONVERSION PROCESS

As was pointed out above, the conversion takes place when a hydrogen
molecule is adsorbed on the surface of a catalyst near a paramagnetic ion. This
implies two requirements: (1) a strongly inhomogeneous magnetic field and (2)

a satisfactory surface for adsorption, The transition and rare earth ions are the
most usual source of paramagnetic ions, although species such as O3 and NO are
also paramagnetic and have been shown to catalyze the para-ortho hydrogen trans-
ition. It should be realized that at low temperatures, paramagnetic species
frequently show cooperative phenomena which renders them unsuitable as catalysts.
These phenomena may include ferromagnetism, antiferromagnetism, or ferri-
magnetism, The first is most commonly exhibited by metals such as Fe, Ni, and
Gd below their Curie temperature and results when all the electron spins of the
atoms are parallel in each domain,

Antiferromagnetism occurs when the spins of the metal ions align them-
selves in two sub-lattices with opposed spins. The sub-lattices may consist of
the body-centered and corner ions respectively in a rutile lattice as in MnF3, or
in parallel planes as in MnO. The mechanism of exchange between two opposing
spins occurs when the intervening anion donates an electron to one of the unfilled
orbitals of the metal. This leaves the anion with a net spin antiparallel to that of
the removed electron and the anion is thus coupled to the next adjacent metal ion.
Many antiferromagnetic materials have been studied. Table 1 lists the Curie tem-
‘peratures (below which antiferromagnetism occurs) for some of these materials.
It can be seen that Fe; O is antiferromagnetic well above ambient temperatures,
and this explains why hydrated iron oxide becomes ineffective as a catalyst when
overheated during activation. It also suggests that FeO would be useful down to
about 200°K and then would become ineffective and that CrgO; would be useful only
above room temperature.

The values for the Curie temperatures in Table | apply only to the pure
oxides. Dilution with non-paramagnetic materials will reduce the Curie tempera-
ture and make these materials paramagnetic at lower temperatures. Little data
is available on this effect, but it is known that dilution greatly reduces interaction.




TABLE 1

CURIE TEMPERATURES FOR ANTIFERROMAGNETICS

Compound Tc (°K)
MnF, 72
FeFy 79
MnOg 84
MnO 122
FeO 198
Fe3 O, 948
CoO 292
CraOs 328

Ferrimagnetism in non-conductors occurs when two non-equivalent
sub-lattices exist but have a non-zero resultant force. These similarly have
a temperature above which this interaction breaks down (Neel temperature),
Examples of this class of materials are spinels, garnets, various fluorides
such as Nag Feg Fy¢, and certain metal sulfides such as Fe,S. Because of the
complexity of their preparation and their lack of apparent advantage over other
compounds, no work has been done with these materials as ortho-para hydrogen
catalysts,

A ferromagnetic or ferrimagnetic substance may function as a cata-
lyst if it is finely enough divided on a diamagnetic surface. Each clump of
ferromagnetic atoms is a single magnetic domain, and if these domains are
randomly oriented, the entire assembly acts as a paramagnetic substance. This
phenomenon, called "superparamagnetism,"(3) is typified by reduced nickel on
silica. The effectiveness of these domains for para-ortho hydrogen catalysis is
probably less than the sum of the single atom, since the effectiveness of a ma-
terial depends on the field gradient acting on a hydrogen molecule. The field
gradient is the same for a large particle as for a single ion, but molecules of
hydrogen approaching the large particle at a constant velocity see a smaller
gradient than for a small ion,




B. DIFFUSION

As was pointed out above, a critical factor affecting the efficiency of
a heterogeneous catalyst is the rate at which the reactants are brought to the
active sites of the catalyst. This is a two-step process; (1) the mass transfer
of material from the gas stream to the surface of the catalyst and (2) diffusion
into and out of the pores of the catalyst, Diffusional problems are basic to
chemical engineering and have been extensively treated in standard works .0

In heterogeneous reactions, the rate-controlling step at flow rates
of interest is usually pore diffusion. However, at relatively low flows, longitu-
dinal diffusion along the path length can be significant. This problem has been
recently treated(10) in an elegant manner for the high-temperature dissociative
mechanism of para-ortho hydrogen conversion. It was shown that a criterion
exists to determine whether longitudinal diffusion is an important factor. This
criterion is the ratio:

Deffk
b= - 2 1 (5)
where De g - effective diffusivity in the bed
Y., -V
k = rate constant defined as k =1 In o/ S X
: ye i yi
q
TReactor
T .
Ambient
V = linear gas velocity
t = residence time in the bed

This criterion was employed to analyze the data obtained in the
present work. In a typical high efficiency catalyst it was found that only at the
very low flow rates was the value of § greater than 1. In these calculations
the value of Deff used was that experimentally determined as will be described
below. This value is in the order of 0.005 cm®/sec, which is much less than
the gaseous self-diffusion constant of hydrogen of 1.2 cm®/sec employed by the
original workers in their calculations. The difference was due to the fact that
in the present work the reactor was a bed of particles; the original workers used
platinum gauze. In the present apparatus, with a bed diameter of 1.0 cm and
length of approximately 0.5 cm, | was greater than 1 for flow rates of 120 cc/
min or less; thus, at the high flow rates used in this work, longitudinal diffusion
is unimportant,




At high flow rates, the rate-controlling factor is pore diffusion in
the catalyst particles. In the present work, we measured the bulk density, sur-
face area, and pore volumes for some of the catalysts under investigation and
used this data to calculate the effective diffusion coefficient, Deff, by the method
of Weisz and Schwartz.(11) The relation used is:

2,14x 1054 2Pv3

Deff ) S He (6)
where ng = bulk density of the catalyst
Pv = pore volume of the catalyst
and S = surface area of the catalyst

The results are given in Table 2.

TABLE 2

EFFECTIVE DIFFUSIVITIES OF ACTIVE CATALYSTS AT 298°K

cm

Catalzst Deff = sec
AP-1 0.0204
AP-1 Soaked in Boric Acid 0.0160
No. 38 0.0353

The values are in general agreement with values obtained for catalysts of similar
structure.

A comparison of the values of Degs measured for the catalysts listed
in Table 2 and the values of DH all calculated at a temperature of 195°K are
given in Table 3. The correction to 195°K for Deff was made by assuming that
the Degf values are for Knudsen flow and the relation:

M [T (298)
i D eff = V295 D egr holds @)
: |
|
| .
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TABLE 3

EFFECTIVE DIFFUSIVITIES OF ACTIVE CATALYSTS AT 195°K

2

D in b
Catalyst K.eff  sec
AP-1 0.0165
AP-1 Soaked in Boric Acid 0.0130
No. 38 0.0284
Gaseous Hydrogen at 30 atm, Pressure 0.0224

A calculation was made for the mean free path 9! hydrogen at 195°K
and 30 atmospheres pressure and it was found to be 20,6 A. This indicates
that the flow through the catalyst is going to be a combination of Knudsen flow
and bulk diffusion. The bulk diffusion coefficient is calculated from the relation:
DH 9

PO.L .
P ett™ 7

®

where 6 is the void fraction and T the tortuosity. The value of 8 {s that of the
pore volume which has already been determined and T has a value of about 2 in
most cases. The composite diffusion coefficient is calculated from the Knudsen
and bulk coefficients.

5= 5t @
eff Keff H, eff

Values of DHa eff and Deff are given in Table 4.

TABLE 4

VALUES OF DHL AND Defs FOR ACTIVE CATALYSTS AT 195°K

D in E-Ei D . in E—H-ﬁ
Catalyst “Hoeff "~ sec eff  sec
AP-1 0.00865 0.00606
AP-1 Soaked in Boric Acid 0.00788 0.00491
No. 38 0.00560 0.00467
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At 77°K for AP-1, Die is 0.0114 cm®/sec and Dyy_ 1s 0.0224 cm*/sec
at 100 psig. The value of DH eff is 0.00865 cm 2/sec giving a value of Degf of
0.00624 cm?/sec, 'This latter value was used to calculate h tanh h and E in
Table 6.

When the effective diffusivity of a catalyst is known, it is possible to
calculate the effective use of the active sites of the catalyst. The number and
accessibility of these sites are criteria of effective use, which will vary with the
flow rate and conditions, The effective use of a catalyst is defined by the effective-
ness factor:

E = t"“}‘lh h (10)
where
2
h =[r 02k ] (11)
eff

and k is the first order rate constant per unit of surface area and r is
the average pore radius.

Wheeler has derived a more useful expression to calculate h:

2 Y. -V
] 1 18; c F(‘I.nllie't) P d1 n (A (12)
eff A v Hg yeq Yo
where a = catalyst particle diameter
F. R. = feed rate to the reactor

C A (Inlet) = inlet concentration of the reactant

qu R/
and reciprocal of the fraction converted
yeq 0

At values of h much above 1, tanh h approaches 1 and the expression gives the
value for h. Then E is simply the reciprocal of h.




Based on our experimental data we have evaluated the value of h tanh
h for a number of different catalysts. Theg data are given below in Tables 5 to 7
and represent the highly efficient Air-Products catalyst (AP-1) at two temperatures
and a high efficiency catalyst developed in the present work.

TABLE 5

VALUES OF EFFECTIVENESS FACTOR OF AP-1 AT -78°C AND 500 PSIG

Flow Rate in

cc/min/gm cat. h tanh h E_
7,920 10.67 0.094
14,500 13.40 0.0746
22,130 15.38 0.0650
TABLE 6

VALUES OF EFFECTIVENESS FACTOR OF AP-1 AT -195°C AND 100 PSIG

Flow Rate in

cc/min/gm cat. h tanh h E
4,530 24.28 0.0412
6,100 29.88 0.0335
8,000 34.68 0.0288
9,900 38.41 0.0260

12,200 42.17 0.0237
14,300 45.14 0.0222
17,700 49.10 0.0204

Calculated from Air Product Co. data 1/8" bed.
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TABLE 7

VALUES OF EFFECTIVENESS FACTOR OF NO. 38 AT -78°C AND 500 PSIG

Flow Rate in

¢c/min/gm cat, h tanh h E
2,600 504.2 0.00198
5,830 768.7 0.00130

15,650 1188.2 0.00084

A comparison of Tables 5 and 7 shows that the AP-1 catalyst utilizes a
much larger fraction of its effective sites than does No. 38. This is certainly
due in part to the difference in particle size, since h is directly proportional to
the square of the diameter of the particles and E is inversely proportional to h.
The difference is probably not as great as indicated, since in the present equip-
ment the catalyst particles are crushed in opening the capsule.

An effective use of the catalyst sites is desirable in order to make the
catalyst less sensitive to poisoning. If the number of active catalyst sites is very
small, a small amount of impurity will effectively inactivate the catalyst. A very
recent study(12) has been made on this subject and it has been shown that AP-1
can be inactivated by an impurity of 60 ppm of nitrogen in the hydrogen, This very
low level indicates the great sensitivity of para-ortho hydrogen catalysts to poison-
ing. It also casts considerable doubt on much of the data in the literature because
the care taken to purify the hydrogen used was probably not great enough to reduce
the impurity level below that which would seriously affect the catalyst. This was
found to be the case in the present work in some initial measurements where the
activity of some of the more active catalysts were found to be much lower than ex-
pected at 77°K., Most of the measurements were made at 195°K (-78°C) where the
adsorption of nitrogen is not a problem, and, therefore, the activities would be
much less likely to be affected by the impurities normally present in hydrogen.

The fact that Deff of the catalysts are within an order of magnitude of the
DH, indicates that at low flow rates of gas there will be an insufficient amount of
unreacted para hydrogen at the surface of the catalyst. Therefore, the plot of log

yeq " Y w
7——_9—- \(:] F will show a deviation from a straight line since mass transfer to
eq ‘0

the catalyst particle surface is a factor. This deviation is observed with all of the
more active catalysts.

il
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C. PRESSURE DEPENDENCE

The present work confirmed previous findings that the rate of conver-
sion {s pressure dependent. In the present work, the tests were run at 100, 300,
and 500 psig of hydrogen pressure and the rate constants were always lower at
100 pounds pressure but showed little difference at the higher pressure. This
can be explained by the Langmuir-Hinshelwood hypothesis(13) that adsorption is
the controlling mechanism, This hypothesis states that the equilibrium is essen-
tially undisturbed by the reaction* and that the fraction of surface covered is re-
lated to the pressure of the relation:

- -—SL
) 1 +Kp (13)
where K is the equilibrium constant and p 1is the pressure,
The rate of reaction is proportional to 9:

kg Kp

14
1+ Kr (1)

where k3 is the rate constant.

It can be seen that if Kp is large with respect to 1, then the expression reduces
to: v = kg, i.e., independent of pressure, and if Kp is small with respect to 1,
then the expression becomes:

v = kg Kp (15)

In the present work at the higher hydrogen pressures, Kp>>1; therefore, the
rate is pressure independent.

D. EFFECT OF RADIATION ON CONVERSION PROCESS

The effect of radiation on solids has been extensively investigated and
has been summarized in a number of reviews.(4:5) For the purposes of the pres-
ent work the most important effects of radiation are those that affect the para-
magnetism of the catalyst. This can occur by a number of different mechanisms
as discussed below.

*It has been shown that the heat of vaporization for o-hydrogen is 4.3 cal/mole
higher than for p-hydrogen.
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For the purpose of this work, the most important effect of radiation on
solids is the production of paramagnetic units such as F centers. These are
electrons trapped in vacant anionic lattice sites. A recently published report(6)
describes irradiation of magnesium oxide with Co®°; measurements of catalytic
activity of this material showed that irradiation enhanced the catalytic activity
by factors of 2 to 3. In the present work, it was found that alumina was consid-
erably activated by X-ray treatment, although this may have been due to the
presence of trace amounts of metal impurities,

A second effect of X-ray radiation is the reduction of metal ions to lower
valency states. This has been reported to occur for V®+ in alumina.() Presum-
ably V2* in a high enough concentration should be a more effective catalyst than
V3+, since the latter is not paramagnetic while the former has one unpaired electron.

Finally, radiation affects physical structure. Such an effect occurs
chiefly in the case of heavy particle treatment, such as fast neutron or alpha bom-
bardment. Here, there is general lattice disruption, which presumably increases
surface area and allows hydrogen molecules better access to the catalytic centers.
As a result, an irradiated sample shows greater activity than untreated material.
It must be pointed out, however, that irradiation in a nuclear reactor is a complex
process; since all types of particles are present, it is difficult to be certain that a
particular effect is due to one type of radiation rather than a combination of effects.

Given below in Tables 8 to 14 are the results of various treatments on a
number of different catalyst systems. Unfortunately, it is not permitted to discuss
the results in detail here, since the composition of a number of the more interest-
ing systems has been classified.

One important aspect is the variability of the results, Both in catalysis
work and in radiation work variable results are common. The variability encount-
ered in this study, which combined work in both areas, is especially evident in the
experiment reported in Table 10, where an originally inactive sample became ex-
tremely active after treatment with 300 KV X rays with an intensity of 90,000 rads/hr.
Another group of samples were treated with Co®®, which has 1.28 and 1.17 mev
gamma rays. This was carried out at the U.S.Army Quartermaster Laboratory,
Natick, Mass., where the radiation intensity is 3.11 megarads/hr. It is quite evi-
dent that further study is needed to determine what conditions will yield the most
active catalyst.

It was also noted that there was a considerable loss in catalytic activity
over a period of 24 hours during which the catalyst was allowed to remain in contact
with the hydrogen, The cause of this loss in activity was not investigated but may
be due to impurities in the hydrogen covering the active sites or perhaps to migration
of the active sites into the lattice out of contact with the hydrogen.

13




No attempt was made to determine whether the period of time elapsing
after radiation had any effect on catalyst activity, although during this period the
catalyst remained in the evacuated sealed ampoule. The time between irradia-
tion and testing varied from several days to about two weeks. It is evident that
this effect should also be investigated.

TABLE 8
EFFECT OF VARIOUS TREATMENTS OF C. K. WILLIAMS
IRON OXIDE CATALYST*

Sample gm mole Hj .
No. Treatment Kov500 (gm of catalyst) (min) at-78°C
35  Original 0.0718
43  Irradiated in Hydrogen 92.53 hr 0.0575
S5  Soaked in Saturated Boric Acid 0.0207
47  Soaked in Saturated Boric Acid

Two Minutes in Nuclear Reactor Inactive

51 Soaked in Saturated Boric Acid
One Hour in Nuclear Reactor “0.0502

*All samples were activated by heating to 130°C at 10™ mm Hg for 16 hours.

TABLE 9
EFFECT OF VARIOUS TREATMENTS OF AP-1* CATALYST

Sagg 1 ) Treatment Kov500 grgnm o;n :;:a{;:t) (min) B
34  Original 0.346
29  Irradiated 63.94 hr 0.345
46  Irradiated Under Hydrogen92.53 hr 0.138
54** Soaked in Saturated Boric Acid 0.487
57  Repeat of 54 0.622
48  Soaked in Saturated Boric Acid Two
Minutes in Nuclear Reactor 0.344
30  Soaked in Saturated Boric Acid One
Hour in Nuclear Reactor 0.098

*All samples were activated by heating to 285°C at 10™ mm Hg for 16 hours.

**There was some hydrogen leakage in the equipment in Sample 54 and a repeat
(No. 57) was run.

14
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TABLE 10

EFFECT OF VARIOUS TREATMENTS ON SAMPLE NO, 38*

saﬁ: l ) Treatment KovSOO(Tg;nﬂo';_ng—;ﬁli*y:t) (min) St
38  Original 0.391
39  Irradiated 5.75 megarads 0.218
56  Soaked in Saturated Boric Acid Inactive

52 Soaked in Saturated Boric Acid
OneHour in Nuclear Reactor 0.0655

79  Soaked Initially in Saturated
Boric Acid 0.260

61  Soaked Initially in Saturated
Boric Acid Irradiated 6.77 megarads 0.115

66  Soaked Initially in Saturated Boric
AcidIrradiated 10Hours in Nuclear
Reactor 0.23

*All samples were activated by heating to 400°C at 107 Torr for 16 hours.

TABLE 11

EFFECT OF VARIOUS TREATMENTS ON SAMPLE .NO, 40*

Sample gm mole Ha

No. Treatment Kov500 (gm of catalyst) (min) SR
40  Original Inactive
41  Irradiated 2.8 megarads 0.161
53  Soaked in Saturated Boric Acid

One Hour in Nuclear Reactor 0.0577
63  Soaked Initiallyin Saturated

Boric Acid 0.173
64  SoakedInitiallyinSaturated Boric

Acid Irradiated 6.77 megarads 0.218
67  SoakedInitiallyin Boric Acid

10 Hours in Nuclear Reactor 0.242

*Samples were activated by heating to 400°C at 10™® Torr for 16 hours.




TABLE 12

EFFECT OF X RAY AND Co®° IRRADIATION ON SAMPLE NO. 59*

Sample

No.
59
60**
68**

Treatment
Original
Irradiated 7.35 megarads

Irradiated 11.0 megarads
After 24 hours

75R** Irradiated 7.62 megarads

76**
77**

Irradiated 12.00 megarads
Irradiated 18.00 megarads

gm mole Ha

Kov500 (gm of catalyst) (min)

at-78°C

Inactive
0.391

0.541
0.208

0.115
0.276
0.184

*Samples were activated by heating to 400°C at 10 Torr for 16 hours.

**Nos. 60, 68 were irradiated in 300 KV X-ray source; Nos. 75R, 76, 77 were
irradiated in Co®° source.

Sample

No.

69
70
71
78

TABLE 13

EFFECT OF VARIOUS TREATMENTS ON SAMPLE NO. 69*

Treatment
Original
Irradjated 97.56 hours
Soaked in Saturated Boric Acid

Soaked in Saturated Boric Acid
10Hours in Nuclear Reactor

gm mole Hj

Kov500 (

gm of catalyst) (min)

at -78°C

0.368
Inactive

Inactive

0.760

*Samples were activated by heating to 400°C at 10 Torr for 16 hours.
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TABLE 14

EFFECT OF X-RAY IRRADIATION ON SAMPLE NO, 72*

SaIIII? l ) Treatment KovSOO (gmgnc:fr::l:i:ll;sat) (min) B
72 Original 0.345
73  Irradiated 0.205
86  Soaked in Saturated Boric Acid 0.138
89  Soaked in Saturated Boric Acid
10 Hours in Nuclear Reactor 0.047

*Samples were activated by heating to 400°C at 10" Torr for 16 hours.

E. MISCELLANEOUS CATALYSTS

In addition to the radiation studies discussed above, a number of other
catalysts were investigated. These included a series of metal ions deposited on
silica gel as shown in Table 15. It can be seen that the catalysts were very in-
active and that radiation had little effect on their activity. Because of this low
activity, no further work was carried out on these systems.

In addition to the above materials, a few other possible catalysts
were investigated. These are listed in Table 16. The cyclopentadienyls were
tried because they are known to have unpaired electrons and hence should be
catalytic. It appears that the geometric structure of the molecules does not
allow the hydrogen molecules to approach close enough to the central atom to be
affected. The iridium carbonyl compound was studied, since recent reports in
the literature(8) indicated that hydrogen is reversibly absorbed by this molecule.
This would allow spin equilibration to take place, and if the absorption were
rapid enough, the compounds would be effective catalysts. It appeared that, at
the low temperatures used in this work, the hydrogen was irreversibly absorbed
destroying the catalytic activity of the compound. A less active compound would
be interesting, but this would necessitate a synthesis program that could not be
justified.
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TABLE 15

EFFECTIVENESS OF METAL OXIDES DEPOSITED ON SILICA GEL

(conversion at 85 ml/min at 100)

Silica Gel*

CrzOq
NiO
Al;0s
FezOg
FegOg
FezOg
NiO
CuO

Pyrex

144%
0.8

3.05
0.99
2.15
4.20
0.82
1.84

*Not well crushed

Sample
No .

42

49
58
74

Unirradiated Irradiated

Analysis Wt (gm) % Para Wt (gm) % Para Irradiation Dosage

50.26
0.4051 45.60
0.3794 47.85 0.3394 45.45 5.87 megarads
0.4105 35.39
0.3764 46.87 0.3348 42.85 11.6 megarads
0.2468 45.35 0.3443 44.91 5.87 megarads
0.3271 44.11
0.3779 49.00 0.3573 46.26 11.6 megarads
0.3583 44.70
50.26 (no conversion)
TABLE 16

MISCELLANEOUS CATALYSTS

DescriBtion

Alumina Irradiated
5.75 megarads

Ru (CsHs)a
Ni (CsHs)s

Ir (CO) C1 [(ce,H,-,)3 P],

gm mole Hj

_7Qo0
Kov500 (gm of catalyst)(min) at -78°C

0.0327
Inactive
Inactive

Inactive
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III, EXPERIMENTS

A. APPARATUS

1. Catalyst Activity Measuring Equipment

The apparatus used in this study is similar to apparatus described in
the literature(14) for the study of para-ortho conversion. It does differ from
some of the apparatus described in that it is necessary, since para to ortho
kinetics are being studied, to prepare low-temperature equilibrated hydrogen.
This was done in a high-pressure, stainless-steel vessel in which a cylinder of
catalyst is placed along the center line. To ensure that equilibrium concentra-
tion would be reached in a reasonable time, the system model was set up as a
diffusion-controlled reaction and solved for the geometry of the system. The
results are shown in the Appendix.

A schematic diagram of the apparatus is shown in Figure 1. The ap-
paratus is designed to run catalyst studies up to 600 psig or, with slight modi-
fication, up to 1000 psig. The hydrogen used for this work is General Dynamics'
electrolytic grade material. The material is passed through a "Deoxo"unit to
remove oxygen. Any water produced is removed in a silica gel drier. The
hydrogen is then cooled to -196°C in the coil and passed through a silica gel col-
umn to remove any noncondensible gases other than helium. (Since this is elec-
trolytic grade material, there should be no helium present.) The main portion
of the hydrogen is then passed into the high-pressure storage vessel mentioned
above for conversion to the equilibrium gas at either 77° or 65°K. During opera-
tion a small stream of hydrogen is taken from the silica gel trap at -196°C,
warmed to ambient temperature, and passed through a commercial catalyst to
convert it to normal material to be used as the reference gas in the thermal con-
ductivity unit.

The hydrogen from the low-temperature storage tank is pressure-
controlled by a Hoke pressure regulator and passed through the catalyst under
test. Since most of the runs were made with the catalyst at -78°C, a 20' cooling
coil was added to cool the hydrogen gas before it enters the catalyst chamber.
This was shown to be adequate for all flow rates encountered in this work. (The
hydrogen can bypass the catalyst if comparison with standard hydrogen is desired.)
After passing through the catalyst, the hydrogen is passed through a stainless steel
disc, then through a high-pressure rotameter and then through a pressure regula-
tor, where it is dropped to atmospheric pressure. A small stream is taken off to
be passed through the thermal conductivity cell for comparison with standard hy-
drogen; the remainder is passed to a wet test meter.
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The measurement system consisted of a Gow-Mac 9677 conductivity
bridge using thermistors. The bridge has more than ample sensitivity for the
measurements, For the constant voltage source, a 12-volt storage battery was
used, Small fluctuations in thermistor current were adjusted by a General
Radio decade box, The conductivity cell was kept at 0°C in a Dewar flask. We
have found that packing with wet ice each morning kept the cell at 0°C for a full
day. The output of the cell was read on a Brown recorder. A Helipot across
the bridge output was used to control full-scale voltage. Cell current was kept
at 11,00 milliamperes, as read on a Weston precision miliammeter. Because
of the high sensitivity of the cell, small changes in current cause appreciable
changes in the output; current fluctuations, however, were adjusted with the
decade box.

The hydrogen storage cylinder was kept at -196°C, but the tempera-
ture could be lowered by pumping to the triple point of nitrogen (-210°C), which
would permit a 62% parahydrogen mixture to be studied in comparison with the
normal gas (25% parahydrogen). Liquid hydrogen can be used as starting
material if it is desired to work with essentially pure parahydrogen; however,
pressures will be below the critical value of 188 psia and the present work speci-
fied high pressures.

In this work the catalyst must be irradiated in separate equipment and
then placed in the system without any exposure to air. Therefore, a special
reactor was designed. (See Figure 2.) The catalyst was activated, sealed in a
glass capsule, and then irradiated either with X rays or neutrons. The capsule
was placed in the crusher, which was then attached to the system, and flushed
with hydrogen. The capsule was thoroughly crushed and measurements made.
The crusher was equipped with stainless-steel sintered discs to prevent catalyst
particles and glass from being carried around the system.

In addition to the conversion measuring system described above, we
constructed a standard BET surface-area measuring system. The catalyst was
activated by heating to a desired temperature under vacuum, the surface area
measured, and then the catalyst sealed off for irradiation. In this way, the sur-
face area of each catalyst used was known.

2. Measurement of Catalyst Density by Mercury Displacement

The equipment used is shown in Figure 3. It was constructed from a
10 ml pipette, which was altered by putting a coarse glass frit on the bottom with
a standard taper below. A second standard taper, placed at the top of the tube,
fitted into an addition device that permitted adding mercury to the evacuated system
without the introduction of air.
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3. Measurement of Catalyst Density by Helium Displacement

The apparatus used was that described by Rossman and Smith(15)
and shown in Figure 4. One change made in the equipment was the addition of
a stopcock at B in order to prevent bubbling of gas through the mercury column
when excess pressure was admitted to the system. The stopcock could be
carefully opened and the excess pressure removed. This prevented mercury
turbulence, which usually results in breakage of the system,

B. PROCEDURE

1. Catalyst Activity

The catalyst was weighed by difference in an 8-mm tube sealed at
one end. The tube was then attached to the surface-area measuring system
and the catalyst activated by heating and pumping under specified conditions.
After the surface area was determined, the catalyst was sealed under vacuum
in a capsule which fitted in the crusher.

The capsule was either placed in the crusher and opened immediately
or irradiated by X rays or in the Massachusetts Institute of Technology Nuclear
Reactor. Since there are specific size limitations for objects to be placed in {
the nuclear reactor, the dimensions of the capsule were chosen so that the cap-
sule could be placed in an aluminum can for reactor irradiation. After irradia-
tion, the capsule could be placed in the crusher and opened in the same way as
the unirradiated control specimens. However, specimens irradiated in the
nuclear reactor may have to stand for a period of time to permit the decay of
short-lived nuclides. This is especially important in the case of catalysts con-
taining iron and nickel, because of the formation of Fe®® and Ni®®, both of which
decay with penetrating X rays and hence present a safety problem. It was found
that after the initial radiation due to silicon disappeared, the catalysts were not
too active to be handled with ordinary precautions.

After the capsule was placed in the crusher, the system was purged
with hydrogen from the storage system. The capsule was then crushed by turning
the handle. Various flow rates and pressures were set by adjustment of the pres-
sure regulator and rotameter valves. The hydrogen flow through the catalyst
was the sum of the flow through the conductivity cell and the flow through the wet
test meter.
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The voltage output of the thermal conductivity cell was shown on the
recorder. It has been reported in the literature that changes of voltage are
proportional to changes in the para-ortho content of the hydrogen. Therefore,
once the voltage output of the normal and low-temperature equilibrium forms
of the hydrogen were indicated on the recorder, the concentration of intermediate
mixtures could be determined by proportionality relations.

2. Measurement of Catalyst Density by Mercury Displacement

A sample of catalyst was weighed into the small container by difference.
Enough material was taken to fill about two-thirds of the volume., The standard
taper was lightly greased, attached to the remainder of the apparatus, and the
volume was then evacuated through the side arm. In the present work, the dried
but unactivated catalyst was used, since it was not believed likely that there would
be any large change in density during activation. After evacuation, mercury was
carefully added to the system in an amount great enough to fill the space below
the fritted disc.

The level of the mercury in the column was read, and air was admitted
to the system to force the mercury through the fritted disc. When the volume
below the disc was filled with mercury, the level was read in the column and the
difference between the two readings was the amount of mercury needed to fill the
volume. An initial calibration with the empty system gave the empty volume be-
low the frit, and the difference between this value and that found for a given
weight of sample gave the volume occupied by the sample. The weight of the
sample divided by the volume so determined gave its bulk density.

3. Measurement of Catalyst Density by Helium Displacement

A weighed sample of catalyst was placed in the container as indicated.
Since helium penetrates into the pores, it was felt necessary to activate the ma-
terial at an elevated temperature. This was carried out on the vacuum system and
the container filled with nitrogen and stoppered. It was then attached to the system,
the bath raised, and the system evacuated with stopcock B closed. Stopcock B was
carefully opened to determine whether the pressure was sufficient to support the
mercury column with the lower level at the pointer. If the level was close to the
pointer, C was closed and the final adjustment made by removing or adding mer-
cury through A, When the level was properly adjusted, flask K was weighed.
Stopcock D was then opened with B closed and helium allowed to expand into the
catalyst vessel, Stockcock A was opened and mercury from K admitted to F, so
as to readjust the mercury level back to the pointer with B open. The flask K was
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then weighed, and the difference between the two weighings gave the volume of the
catalyst vessel up to D at the bath temperature. An initial calibration of the cata-

lyst vessel gave the empty volume, and the difference between the two volumes
gave the volume of the catalyst. The weight of the catalyst divided by the volume
gave the density of the catalyst.

C. CATALYST PREPARATION

The catalyst preparation of the more active materials is classified and
may not be described here. The preparation of the oxides on silica gel is de-
scribed below.

A commercial silica gel was obtained from the Davison Chemical Com-
pany. The gel was PA100-refrigeration grade and was found to have a surface area
of 765m?/gram.

The following procedure was used to coat this material with various .
metal oxides for the purpose of testing the oxide as a catalyst.

500 ml of a 0.5 molar solution of the hydrated nitrate was placed in a
crystallizing dish and to this was added 100 grams of the Davison gel. The mixture
was stirred periodically to remove air bubbles and allowed to stand for 24 hours.
The gel was then drained on a Buchner funnel over suction until thoroughly drained
(about 20 minutes). The drained material was transferred to a clean dish and
dried in a 100°C drying oven for 24 hours. The adsorbed nitrate was usually partly
decomposed during the drying, and it was necessary to keep the oven in a hood to
remove NOz fumes. The dry gel was transferred to a crucible and fired in a
muffle furnace at 500°C for 24 hours. When cool, the gel was set aside for later
use, and a small sample sent for analysis of the metal content.

In the irradiations carried out in the nuclear reactor, quartz capsules
were used because the presence of boron in pyrex glass causes excessive heating.

D. RESULTS

1. Catalyst Activity

The procedure used for the calculations of the results was that described
in reference (12). In our work, pressures of 500, 300 and 100 psig of hydrogen
were used. Only the Iyy 500 values are given in the Tables, but the values for
300 psig were very close to those for 500 psig, while those for 100 psig were lower,
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In one set of preliminary measurements made at -196°C (ortho - para conversion)
it was noted that there were significant differences between the values at 500 psig
and those at 300 psig, apparently because of the higher adsorption possible at
lower temperatures, A typical set of data is given in Table 17 and the results
are plotted in Figure 5,

TABLE 17

C. K. WILLIAMS SAMPLE NO. 35, WEIGHT 0.4696 gm,
AREA 191m*®/gm, AT -78°C

?Z:;;)llg:: Flow Rate M logio M w*
(psig) (cc/min). % Para yeq Y qu R _1_“—_
500 85 31.96 4.15 0.619 133.0
500 1020 40.90 1.635 0.216 11.05
500 2685 43.80 1.365 0.136 4.20
500 5285 47.26 1.143 0.058 2,14
500 8050 48.64 1.071 0.030 1.40
300 85 30.69 5.32 0.727 133.0
300 485 36.40 2,35 0.372 23.2
300 745 40.27 1.705 0.232 15.15
300 1745 44.76 1.295 0.112 6.45
300 3885 48.02 1.10 0.042 2.90
100 85 32.59 3.75 0.574 133.0
100 365 41.55 1.565 0.195 30.9
100 1365 47.36 1.136 0.056 8.25

* (gm of catalyst) (min)
gm mole of Hg

The results in terms of Koy 500 at -78°C for all of the catalysts run in
the present work are presented in Table 18, A few preliminary runs were made
at room temperature but are not included because of their small number. A number
of oxides on silica gel were tested and arelisted in Table 15. In addition, a set of
runs of some of the more active materials was made at -196°C to test ortho = para
conversion, These arenot included because it was found later that the hydrogenused
was sufficiently contaminated with nitrogen to deactivate the catalysts.
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TABLE 18

CATALYST ACTIVITIES DURING PRESENT WORK

gm mole Hj

(-]
Sample Gy Kov 500 (gm of catalyst) (min) il

29 0.345 '
34 (AP-1) 0.346
35 (C. K. Williams) 0.0718
36 0.023
37 0.014
38 0.384
39 0.218
40 Inactive
41 0.161
42 0.0327
43 0.0575
46 0.138
47 Inactive
48 0.344
50 0.098
51 0.0502
52 0.0655
53 0.0577
54 0.487
55 0.0207
56 Inactive
57 0.622
58 Inactive
59 Inactive
60 0.391
61 0.115
63 0.173
64 0.218
65 Inactive
66 0.230
67 0.242
68 0.541
69 0.368
70 Inactive
71 0.0575
72 0.345

30




TABLE 18 (Continued)

gm mole Hj o
Sample Ry I(ov 500 (gm of catalyst) (min) BokHY
73 0,205
74 Inactive
75R 0.115
76 0.276
77 0.184
78 0.760
79 0.260
80 0.161
81 0.092
82 0.207
83 0.235
84 Inactive
86 0.138
87 Inactive
89 0.047
90 0.187
91 0.135
92 Inactive
93 Inactive

2, Mercury and Helium Displacement Measurements

The pore volume measurements are given below in Table 19. The
pore volumes were calculated from the relation:

1 1
P = — - — (16)
v dHe ng

TABLE 19

VALUES OF dyp, dHe, Py, AND S FOR VARIOUS CATALYSTS

3
n £0 gm o S gyp
ng in - d. in 3 Pv in S in

Catalyst He cm
AP-1 0.995 4.290 0.772 490,
AP-1 Soaked in Boric Acid 1.055 4.075 0.703 518.6
No. 38 1.395 4.56 0.500 147.6
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3, Pore Volume Distribution

We used the method of Barrett, Joyner, and Holanda,(16) which con-
sists of an adsorption-desorption study of nitrogen on the catalyst at -195°C.
(See Figure 6.) Using the original reference, we obtained the relation between
P/Po and the multilayer thickness. We then used this relation to calculate the
various quantities needed to determine the pore volume increments. For the
complete details of this extended calculation, reference should be made to the
original paper. In the present work, we found it necessary to calculate every
angstrom unit from 204 to 74 in order to have the surface area match that ob-
tained from the BET calculations. The pore volume measured in this way
(0.34 ml/gm) was only half that determined by helium displacement, indicating
even finer pores not accessible to nitrogen. The data for the calculations is
tabulated in Table 20, and the pore volume distribution is plotted in Figure 7.
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IV. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

1. A series of catalysts thatareup toten times more active than a
standard iron oxide catalyst for para-ortho hydrogen catalysis have been
developed.

2. The activity of para-ortho hydrogen catalysts is significantly
affected by radiation but prediction of the effect is not possible based on
existing theory.

3. At the temperatures and pressures of use of this para-ortho
hydrogen conversion, the effective diffusivities of the catalysts are deter-
mined by both Knudsen and bulk diffusion.

B. RECOMMENDATIONS

1. A systematic investigation into the effects of the variables en-
countered in the preparation of a selected number of the active catalysts be
undertaken in order to optimize their activity.

2. Basic theoretical studies be started to provide a better under-
standing of the theory of para-ortho hydrogen catalysts.
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APPENDIX

CALCULATION OF RATE OF EQUILIBRATION OF
PARA-ORTHO HYDROGEN IN CYLINDER

The cylinder is a stainless-steel vessel with a radius of 6.81 cm
and contains a cylinder of catalyst with a radius of 0.5 cm. After evacuation
to a specified pressure, hydrogen is put into the cylinder and the cylinder is
cooled to -196°C, The cylinder is then allowed to stand until equilibration
takes place. This is treated as a diffusion-controlled reaction with the as-
sumption that the hydrogen is equilibrated as soon as it comes in contact with
the catalyst. The diffusion equation is:

D 9 on on

;a‘;(r"a?)-—t‘ A L
where

r = radius

D = coefficient of diffusion

n = concentration of para Hp

This is Bessel's equation, and since r > o, Bessel functions of the second type
cannot be excluded. Therefore, the solution has the form:

n(r,t) = B+C,e “B-%EL [Al & <%£) A <%£)] (18)

where

B = no = starting concentration of parahydrogen and we have retained

only the first two terms of the general solution.
The boundary conditions are:

1. n(a, t) = n, (19)

where a = radius of catalyst cylinder

L]

n

. equilibrium concentration of parahydrogen
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9

=

2,

|

(b, t)

]
o

(20)

(s %4

r

where b = outer radius

This indicates that the concentration gradient at the outer wall is 0
because there is no flow,

3. n(r, 0) = 8, (21)

Atanytime t: A, ], (%_a) + A3 Y, <§B§-) =0 (22)

For -g% (b, t) =0: A, ], (B)+AaYy (8) = 0 (23)
Ba

Therefore, Io 8 _ Jo(b> L@ (24)

Yo (8) Yo(?%ﬁ) Y.L (8)

Substituting the values for a and b and plotting the values of

5
W

Jahnke and Emde(!”) and shown in Figure 8, the solution 8 =1.07 is determined.
The time required for the concentration at b to reach &l of that at the center is:

calculated from

bB
"D (%)

. This can be solved based on values of D. D can be calculated from
formulas derived in Hirschfelder.(ls)

1/2
3
0.002628 %]
D = Pc?n(l,l)T(T*) (26)
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L

» =
where T s

M a2 molecular weight

04" & value obtained from tables

0 = collision radius
P = pressure in atmospheres
For Hjy: M = 2
T = 77
77
* = ———
T 593 2.64
%*
oD = 0.9836
o = 2,87

For P = 50 atmospheres:

- 1/2
0.002628 [—Z—-}

D = 37879(0.9836) (50)

2

- 0.00312 <&

sec

Using this to find T: 2

(5.37 X 2.54)

2
e

~ 1.07°x0.00312
= 13,130 seconds or 3.65 hours
For e = 0.01 = 1% from equilibrium where we set C, = 1,

t = 4,6x3.65 = 16.8 hours

This is a maximum value based on diffusion alone and probably is high
since there will be some convection. To be safe, the cylinder is allowed to stand
several days at 77°K before any hydrogen is used.
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Calculation of Error Caused by Setting C; = 1.

The actual form of the solution to Bessel's equation is:

n(r, t) = n, + ZiC e [ (El—> Yy Eé-r-)] (no - nc) (27)

Att=o0, n=n

o

re, |1 BT o+ vy (Bir) = 1 (28)

ii |'o b o\Db / 3
where vy = i(: Egg

) v ()] wer o

Because of orthogonality relations, the right hand expression equals:

NICRICIE

b

). 4]
a] [JO<T i YYo —E_ rdr

b 2

2 J[:]O(EE_.I)%- Y .B{j_f] rdr

a

And Ck =
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If t is large, all k> 1 can be neglected,

B,2Dt

L=
&on(r, t) = 1+ Cy [Jo (% + YYO (B—;%:I ¢ P (no . nc) (30)

and n(t) = Bg“g_—a"é I n(r, t) rdr

a
b
_&°Dt
2 b® r r
L [ TGS I R
a
2
ol B 89
2
“bT-a? (no-nc) ¢
f l: =)+ Y(Blﬂ
62Y
This was evaluated by graphical integration, as shown in Figures 9 and 10.
By Dt ( 16.442 )
— b? 23.05x 12.57
n(t) = (n0 nc) e
B Dt
b® , (32)

0.937 (n0 - nc) e

Therefore, the corrected equation is almost the same as that assumed with
C, = 1, and the error is negligible.
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Arca = 12.57
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